During mitosis, the kinetochores -specialized chromosomal structures -bind to the microtubules of the mitotic spindle. Microtubules are asymmetric polymers of tubulin that attach to spindle poles at their 'minus' (more slowly growing) ends, grow by polymerization, and are captured by kinetochores at their 'plus' (fastergrowing) ends. The kinetochore-microtubule interaction is complex and is required for a series of chromosome movements that results in the segregation of one copy of each chromosome to each pole of the spindle [1] .
Two different aspects of the kinetochore-microtubule interface are thought to contribute to chromosome movement. The first is the dynamic property of microtubules. Chromosome movement is, in general, coupled to changes in microtubule length, and most of the length changes take place at the kinetochores -microtubules depolymerize at kinetochores when' chromosomes move towards the spindle poles, and they polymerize there when chromosomes move away from the poles [2] . A second key characteristic of the kinetochore-microtubule interface is the presence of microtubule-based motor proteins. These motors have been both localized to kinetochores [3, 4] and shown to direct movement towards either the plus or the minus end of microtubules [5] , thus moving chromosomes towards or away from the spindle poles. A central question in kinetochore research concerns the relationship between the motor activities and microtubule dynamics at the kinetochores. How are they linked, and how does the relationship contribute to chromosome movement? The last eight years have seen extensive research on this problem, using assays that examine in vitro the interactions between microtubules and the kinetochores of isolated chromosomes.
It has been known for some time that kinetochores bind to dynamic microtubules in vitro and, in the presence of ATP, move along them using plus-end-directed motors [5, 6] . Furthermore, when the kinetochore reaches the end of the microtubule by plus-end-directed movement, it does not fall off the end [6] . The existence of a motor with these same properties, if located on kinetochores in vivo, would be sufficient to localize kinetochores to the ends of growing microtubules. In the same system in vitro, kinetochores also maintain attachment to shrinking microtubules. When the microtubules that are attached to the kinetochores of isolated chromosomes interconvert between growing and shrinking states, the kinetochores maintain attachment and follow the shrinking end of the microtubule [7, 8] . The experiments that led to these findings were particularly interesting because they also showed that kinetochores do not require ATP in order to follow shrinking ends. The most likely energy source is that released from the hydrolysis of GTP by tubulin in microtubules, suggesting that kinetochores can harness the energy released during microtubule depolymerization in order to stay attached to the minus ends of microtubules.
The key question in these depolymerization experiments is the nature of the molecular interaction between kinetochores and shrinking microtubules. The experiments in two recent papers [9, 10] suggest that kinetochores use motor proteins to bind to shrinking microtubule ends. The authors used an assay that had been developed previously to examine in detail the nature of the interaction between chromosomes and shrinking microtubules [7] . In this assay, microtubules are nucleated from Tetrahymena pellicles (the cortices of Tetrahymena cells, which contain numerous microtubule-nucleation centres). Microtubules growing from the pellicles can be induced to shrink by dilution of the soluble tubulin to below the concentration required for microtubules to grow. McIntosh and colleagues [9] used this assay to ask a simple question: will microtubule-based motors follow the ends of shrinking microtubules? Kinesin, a plus-end-directed motor, was first attached to latex beads and then added to the assay containing pellicles (Fig. 1) . The beads bound to microtubules via the motor protein and began to move towards the growing ends of the microtubules. Following dilution of the soluble tubulin, the microtubules began to shrink, and the kinesin-attached beads followed the shrinking ends. Thus, pure kinesin can link the depolymerization of microtubules to movement.
In a companion paper [10] , the same group asked whether chromosomes actually use the motors themselves to follow the ends of shrinking microtubules. To test this idea, they used antibodies to inhibit the function of kinesins. The kinesins form a superfamily and some antibodies inhibit movement mediated by many members of the family, whilst other antibodies inhibit kinesin subsets. Chromosomes were bound to microtubules polymerized from pellicles; then, when the tubulin concentration was reduced, the chromosomes maintained attachment to the microtubules (as had previously been shown). If the same experiment was performed in the presence of antibodies that inhibit kinesin function, however, chromosomes still bound to the growing microtubules but fell off once the microtubules shrank.
Using more specific antibodies, the authors examined which member of the kinesin superfamily was involved [10] . Movement was blocked using antibodies to Cenp-E, a kinetochore-associated protein of mitotic cells. Microinjection of anti-Cenp-E antibodies into tissueculture cells has shown that Cenp-E is necessary for chromosome segregation at mitosis [11] . It therefore appears that this member of the kinesin superfamily mediates the interaction between chromosomes and shrinking microtubules. Although the resolution of the assay s insufficient to distinguish whether the attachment of the chromosomes to microtubules is via kinetochores or some other region of the chromosome [12] , Cenp-E is mainly attached to kinetochores, so it seems likely that Cenp-E activity couples kinetochores to shrinking microtubules. Taken together, the experiments in vitro suggest that kinetochores use motors to move towards the plus ends as microtubules grow and towards the minus ends as microtubules shrink, thus positioning kinetochores at the ends of microtubules.
Future studies must integrate the results of these assays in vitro with the mechanism of chromosome movement in vivo. There are a number of outstanding problems. First, the interaction between kinetochores and microtubules has not been precisely reconstituted in vitro -for example, microtubules attached to kinetochores shrink much more slowly in vivo than they do in vitro [13, 14] . It is possible that the regulation of kinetochore-attached motors in vivo stabilizes the microtubules to which the motors are attached. One clue to such regulation is that when kinetochores are pre-treated with the non-hydrolyzable ATP analogue AMPPNP in vitro, the kinetochores stabilize microtubules against depolymerization [10, 15] . AMPPNP locks motors in a 'rigor' state, in which the head of the motor is permanently bound to microtubules, so this result suggests that the state of the motor can alter the stability of the microtubule. Although AMPPNP addition is obviously non-physiological, it is possible that regulatory events inside the cell could turn motors from a permanently bound state, in which microtubules are stable, to a motile state, which allows microtubule depolymerization. A second problem is as follows: if motors simply follow the dynamics of microtubules, what regulates the dynamics of the microtubules at the kinetochores during chromosome movement? We have no clue to this problem, which may lie at the heart of the mechanism of chromosome movement at mitosis. It is difficult to study this problem in vivo, because it is not possible to subtly modulate the dynamics of microtubules inside cells. But in the future, more sophisticated assays in vitro should shed some light on this central problem of how microtubules and their associated motor proteins enable sister chromosomes to move apart from each other at mitosis.
